Abstract: Understanding rumen-reticulum fill dynamics gives us insight into how environmental conditions influence animal behaviors that affect when animals access forage. We examined whether there were daytime declines in rumen-reticulum fill in response to high ambient temperatures in free-ranging white-tailed deer (Odocoileus virginianus (Zimmermann, 1780)) on a diurnal scale. We hypothesized that to reduce heat-producing digestive processes in the heat of the day, rumen-reticulum fill and digestion in the rumen-reticulum would decline throughout the day. We collected the rumina and reticula of adult males and females across 30 h in two autumns in south Texas, USA. We also measured dry digesta mass, organ mass, and crude protein and acid detergent fiber concentrations of rumen-reticulum contents. In males, dry digesta mass declined throughout the day and crude protein concentrations were greatest when wet digesta and organ mass were the largest. Additionally, declines in dry digesta and wet digesta mass coincided with declines in crude protein concentrations and organ mass. Females did not display declines in rumen-reticulum fill (wet mass). Females were probably less vulnerable to heat than males because of their smaller body size. Male white-tailed deer foraged primarily during the cooler nights to reduce foraging and digestion during the heat of the day.
Introduction
Herbivores must adapt to stochastic changes in their environment to meet energetic demands. For instance, if diurnal climatic conditions are inclement to foraging, animals may face time constraints about when to forage. It is well documented that during hot daytime temperatures, large herbivores reduce foraging activity (Beier and McCullough 1990; Maloney et al. 2005; Aublet et al. 2009; Wilson et al. 2009; Bourgoin et al. 2011; Hetem et al. 2012; Giotto et al. 2013 ) and increase nocturnal activity to reduce excessive thermal energetic costs (Ockenfels and Bissonette 1982; Hayes and Krausman 1993; Aublet et al. 2009 ). White-tailed deer (Odocoileus virginianus (Zimmermann, 1780) ), for example, usually forage less when daytime temperatures exceed 15-20°C (Beier and McCullough 1990) .
Rumen-reticulum fill in herbivores reflects the interactions between the demands of the animal, their food supply, and the abiotic settings that affect foraging. Rumen-reticulum contractions and rumen fermentation are heat-producing processes (Bourgoin et al. 2011) . Johnson et al. (1990) showed that digestive activities are responsible for 45%-50% of heat produced by ruminants. Organ mass is presumed to increase as metabolizable energy intake increases because of increased digestion and greater tissue workload (Johnson et al. 1990 ). The heat from high ambient temperatures can result in reduced appetite and rumen motility, which can negatively affect nutrient intake and animal productivity (Silanikove 1992 (Silanikove , 2000 . Thus, rumen-reticulum fill dynamics may be directly related to the observed variation in herbivore foraging patterns and climatic conditions.
A detailed understanding of rumen-reticulum fill dynamics is needed to understand how environmental conditions influence an animal's response to meet energetic demands. Studies investi-gating rumen-reticulum fill variation have usually addressed responses to metabolic or animal demands that occur over long temporal (i.e., seasonal or yearly) and (or) large spatial scales. Yet, how daytime heat is associated with variation in rumen-reticulum fill and digestive activities has not been explicitly examined. Therefore, we measured rumen-reticulum characteristics of south Texas white-tailed deer obtained throughout daylight hours, within a 30 h sampling window, with two objectives: (1) to determine if deer displayed a decline in rumen-reticulum fill throughout the day and (2) to evaluate if digestion was less during the heat of the afternoon. Since daytime temperatures in south Texas can often be relatively high, we hypothesize that rumen-reticulum fill will decline as temperatures rise throughout the day.
Study area
The study was conducted on a private ranch in Jim Hogg County, south Texas, USA (27°19=N, 98°39=W), on 16-17 October 2010 and 12-13 November 2011. The ranch is 2994 ha in area, with relatively flat terrain, and surrounded by a 2.4 m high fence. The semiarid environment was hot in summer with daytime temperatures often exceeding 35°C and mild winters where the daytime temperatures averaged 11°C. Mean annual precipitation was 60.5 cm. The shrub grassland habitat comprised Hooker's palafoxia (Palafoxia hookeriana Torr. & A. Gray), western ragweed (Ambrosia psilostachya DC.), honey mesquite (Prosopis glandulosa Torr.), retama (Parkinsonia aculeata L.), woolly croton (Croton capitatus Michx.), cenizo (Leucophyllum frutescens (Berland.) I.M. Johnst.), tanglehead (Heteropogon contortus (L.) P. Beauv. ex Roem. & Schult.), Johnson grass (Sorghum halepense (L.) Pers.), King Ranch bluestem (Bothriochloa ischaemum (L.) Keng), little bluestem (Schizachyrium scoparium (Michx.) Nash), coastal sandbur (Cenchrus spinifex Cav.), and pricklypear (genus Opuntia Mill). There were also gravity feeders (1 per 107 ha) that provided protein (20%) from March through September and automatic feeders that provided corn feed year round.
Materials and methods
In October 2010, female and male white-tailed deer, 1.5 years and older, were netted from a helicopter, restrained, and transported to a processing area where the animals were dispatched with a .22 caliber rifle. In November 2011, only adult (>1.5 years old) male white-tailed deer were collected. Animals were sampled in autumn when there are greater differences between day-and night-time temperatures. In both years, helicopter crews began searching for deer around the hours of 0800 and ceased about 1830. The maximum time to transport deer to the processing area was 45 min. The time animals were dispatched was recorded as the collection time. Animals were processed within 0.5 h of being dispatched under a managed lands deer (MLD) permit and the collection procedures followed Institutional Animal Care and Use protocols of Texas State University.
For each individual, body mass, minus blood loss, was measured to the nearest 0.1 kg and a back fat thickness measurement was taken, to the nearest 0.1 cm, from an incision near the L3-L4 lumbar vertebrae. Age was estimated by tooth replacement and wear (Severinghaus 1949) . The entrails were removed from the carcass and the rumen-reticulum excised by ligations at the esophagus 5 cm anterior to the reticulum and at the reticuloomasal sphincter. Peritoneum, fat deposits, liver, and pancreas were separated from the rumen-reticulum. In both years, the mass of the rumen-reticulum with contents was weighed, the contents were removed; the rumen-reticulum organs were inverted, rinsed clean of digesta particulates with tap water, and weighed. Wet digesta mass was the difference in weights between rumen-reticulum with contents and the emptied organs.
In 2011, we also collected about 0.4 L of digesta from the rumenreticulum of each individual to estimate dry digesta mass, crude protein, and acid detergent fiber concentrations. Digesta samples were dried at 60°C for 48 h and then ground to ≤1 mm particles. Nitrogen and acid detergent fiber were determined from the dried sample with a nitrogen gas analyzer using an induction furnace and thermal conductivity using a Leco FP-528 (AOAC 1997). Crude protein concentration was the nitrogen concentration (expressed as proportion) times 6.25. Acid detergent fiber was also expressed as a proportion. Digesta samples for nutrition analyses were analyzed by A&L Plains Laboratory, Inc., Lubbock, Texas, USA.
Crude protein estimated from rumen samples includes nitrogen from forage, micro-organisms, and endogenous secretions (Van Soest 1994) . We used crude protein concentration as an index of digestive activity in the rumen by measuring the nitrogen content from ingested forage. We expect crude protein to be higher in the rumen-reticulum as digestive activity increases throughout the day. Acid detergent fiber was used as an index of forage quality in the rumen, as it comprised indigestible lignin and cutin, as well as cellulose, which takes longer to ferment (Van Soest 1994) .
Animals are known to be risk sensitive and therefore, may alter foraging patterns to avoid risk-sensitive situations. Thus, how animals were collected (i.e., the use of helicopters) may be affecting rumen-reticulum fill dynamics. To assess if the capture method might be affecting daytime patterns of wet digesta mass, we tested whether there were differences between the sexes in the relationship between collection time and wet digesta mass. If the helicopter detrimentally affected deer feeding activity, then both sexes should display daytime declines in wet digesta mass. To accomplish this, we analyzed the following general linear model:
BM is body mass, BF is back fat, LT is whether or not females were lactating, SX is sex, and CT is the collection time. We included back fat because males and females had differing amounts of back fat (males = 2.32 ± 0.94 cm (mean ± SD); females = 0.62 ± 0.50 cm) and back fat thickness has been shown to be correlated with digesta mass (Luna et al. 2012) . The difference in back fat between sexes is due to our harvest time. At the time of harvest, males had not reached the peak of the rut, thereby allowing them to store and retain excess back fat; females were possibly recovering from the demands of lactation and had not recovered their fat reserves yet. A categorical variable for lactation was included, using nonlactating as the reference category. To determine if there was a repeatable pattern across years between collection time and wet digesta mass, we compared two nested models using the data collected for males and an extra sum of squares test (Sokal and Rohlf 2012 ). The complete model was
and the reduced model was
We then built general linear models to assess predictors that influenced the mass of the wet and dry digesta, as well as the rumen-reticulum organ. Body mass was included in every model, as our rumen-reticulum response variables should be positively related to body mass (Weckerly et al. 2003; Luna et al. 2012) . Models also considered the influence of collection time, crude protein concentration, acid detergent fiber concentration, and combinations of these predictors. Back fat was not included in these models because it was unrelated to any response variable (r ͫ56ͬ 2 < 0.01, P > 0.232). To choose a model, we conducted an information-theoretic model selection analysis with the second-order Akaike's information criterion (AIC c ) (Burnham and Anderson 2002) . We followed the principle of parsimony and selected the model with the smallest AIC c that had fewer parameters estimated than competing models. To satisfy the assumption of homoscedasticity, we used the natural logarithms of body mass and rumen-reticulum response variables in every model (Sokal and Rohlf 2012) . As crude protein was nonlinearly related to wet digesta mass, we also natural logarithm transformed crude protein when wet digesta mass was the response variable.
Results
On the collection days, 16 and 17 October 2010, the respective high temperatures during the day were 29 and 31°C and the low temperatures at night were 10 and 12°C, respectively. On the collection day in the next year, the high daytime temperatures on 12 and 13 November 2011 were 24 and 29°C, respectively, and the nightly low temperatures were 8 and 12°C, respectively. In 2010, there were 44 adult females and 44 adult males collected between the hours of 1000 and 1815. In 2011, 57 adult males were collected between the hours of 0852 and 1726. The mean body mass for males varied across years from 59.71 kg in 2010 to 82.37 kg in 2011, while back fat decreased from 2010 (mean = 3.17 cm) to 2011 (mean = 2.35 cm) ( Table 1) . Wet digesta mass was highest (4.87 kg) when dry digesta mass was lowest (0.95 kg) in November 2011. The mean crude protein concentration in male rumen-reticulum organs in 2011 was 0.19 (range = 0.14-0.26) and the mean acid detergent fiber concentration in these rumens was 0.51 (range = 0.42-0.63) ( Table 1) .
In the first year, there was no relationship detected between collection time and wet digesta mass for females; however, wet digesta mass of males declined throughout the day (Table 2) . We included back fat thickness and whether or not females were lactating when examining intersexual differences because both predictors influenced wet digesta mass in this regression. Wet digesta mass was higher in lactating females than in nonlactating females (Table 2) .
Between years, the relationship between collection time and wet digesta mass, controlling for body mass, did not differ for males (F [2, 96] = 1.85, P = 0.163). We therefore used the reduced model (eq. 3) to summarize the relationship between collection time and wet digesta mass. It was evident that wet digesta mass declined throughout the day in both years ( Fig. 1 ; collection time coefficient = -0.04; 95% confidence intervals = -0.056 to -0.034).
For the data in the second year, each rumen-reticulum response variable for the males was influenced by body mass, crude protein, and collection time (Table 3) . Collection time and crude protein concentration influenced wet digesta mass, dry digesta mass was influenced by collection time, and organ mass was influenced by crude protein concentration. Collection time was inversely related to wet and dry digesta masses and crude protein concentration was positively related to wet digesta and organ masses (Table 4 ). The scatterplot of the data and regression for collection time and dry digesta mass showed a consistent decline in dry digesta mass throughout the day (Fig. 2) .
Discussion
We investigated daytime rumen-reticulum dynamics in whitetailed deer inhabiting a semiarid shrub-grassland using highresolution data (i.e., data collected at a diel scale). Males displayed a decline in both wet digesta mass and dry digesta mass of rumenreticulum fill over the course of a day. The decline in rumenreticulum fill suggests that male white-tailed deer forage less as daytime temperatures increase. We presume that males forage more at night and early in the morning to reduce the energetic 
Note:
Crude protein and acid detergent fiber (ADF) are measured in proportions with n = 10 for males and n = 10 for females in 2010. Also, females were not harvested in 2011. Note: Body mass and wet digesta mass were natural logarithm transformed so intercepts and body mass statistics are in the logarithm scale. For sex and lactation, the reference categories were female and not lactating, respectively. The error degrees of freedom was 81.
costs of thermoregulation. These findings are comparable with other studies on rumen-reticulum fill variation in mule deer (Odocoileus hemionus (Rafinesque, 1817)) (Zimmerman et al. 2006 ) and white-tailed deer (Short 1975; Jenks et al. 1994; Zimmerman et al. 2006; Weckerly 2010 ), which were observed over longer temporal scales. However, we did not find a decline in rumen-reticulum digesta mass of adult female white-tailed deer.
We offer two possibilities for why females did not display a decline in rumen-reticulum fill throughout the day, as did males. One, females presumably had heterogeneity in demands brought about by lactation (Short 1975) . Depending on whether females lactated that year and when lactation ceased in relation to when females were collected probably influenced food intake, and by extension rumen-reticulum fill. If demands to recover body Collection time (h) Note: Reported for each model is the change (⌬) in AIC c of a model to the model with the smallest AIC c , number of parameters estimated by the model (n par ), and the r 2 (multiple r 2 when there is only one predictor, but adjusted r 2 when there is more than one predictor). Predictors were natural logarithm of body mass (BM), collection time (CT), rumen crude protein concentration as a proportion (CP), and rumen acid detergent fiber concentration as a proportion (ADF). Values in boldfaced type denote the selected model for a response variable. Sample size was 57. stores lost during lactation vary among females, then females with greater demands might forage longer, which could include the hot part of the day (Verme and Ozoga 1980; Therrien et al. 2008) . Two, females probably can dissipate heat more rapidly than males because they have greater surface area to volume ratios than males (Aublet et al. 2009 ). Thus, females were not restricted to foraging outside of the warmer parts of the day. Regardless, intersexual differences in rumen-reticulum fill dynamics suggest the disturbance by helicopter collection did not influence rumenreticulum fill dynamics in our study. For males, collection time was inversely related to wet and dry digesta mass, but crude protein concentration was only related to wet digesta mass. In the morning when most rumen-reticulum organs had the greatest amount of plant material (dry digesta mass), there was also greater crude protein content. We interpret the greater crude protein content of wet digesta mass in the morning as indicating greater digestive activities because rumenreticulum organ mass was also greater when crude protein concentrations of contents in the rumen-reticulum were greater.
The combination of three factors-group living, weather inclement to foraging during the day, and using adult malesallowed for daytime patterns in rumen-reticulum fill to be detected. White-tailed deer that occupy open habitat, as in this study, usually form larger group sizes to improve predator detection and dilute risks (Hirth 1977; Beier and McCullough 1990) . Animals living in groups tend to synchronize activity patterns, which should also synchronize rumen-reticulum fill dynamics among group members (Weckerly et al. 2003) . While interanimal synchrony in rumen-reticulum fill might be associated with group living, it is difficult to explain how much of the synchrony in rumen-reticulum fill is due to gregariousness. Males are often in small group sizes and the synchrony of activities among males within groups can be low (Côté et al. 1997 ) but greater than synchrony across groups (Michelena et al. 2006 ). We did not know group membership of males. Thus, it was likely that we sampled males from numerous groups. In concert with the possibility of synchrony associated with group living is synchrony in rumenreticulum fill dynamics resulting from reduced foraging during the heat of the day (Beier and McCullough 1990) . Another consideration in why we were able to detect a daytime decline in rumenreticulum fill probably has to do with the relatively homogeneous energetic demands of adult males before the start of the mating season (Webb et al. 2007) . Daytime declines in rumen-reticulum fill were not evident in the females that we sampled. As stated previously, females probably had heterogeneity in demands brought about by lactation (Short 1975) . Females in autumn are probably less synchronized in rumen-reticulum fill dynamics than what we detected among adult males sampled before the mating season.
Rumen-reticulum fill is often viewed as constant at the temporal scale of a day because of the voluminous size and selective delay of particles in the rumen. This study revealed some of the environmental conditions that can result in diurnal variation in rumen-reticulum fill, as well as synchronize fill dynamics, across animals. Indeed, rumen-reticulum fill can display as much diurnal variation as what has been documented across longer temporal scales. Understanding the short-term temporal variability in rumen-reticulum fill is useful to connecting environmental conditions, animal behavior in response to risk assessment, and animal demands to digestive functions. 
